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Abstract 
The production of biofuels including ethanol and hydrogen from agricultural waste is being concern as a renewable 
energy. Pineapple peel, a by-product of the pineapple processing industry, account for 29-40% (w/w) of total 
pineapple weight. 36.25±2.87% of cellulose was achieved from pineapple peel after pretreatment with water and heat 
at 100oC for 4 h. Afterwards, 0.5% (w/w) cellulase from Aspergillus niger (Sigma) was added for enzymatic 
hydrolysis. The maximum sugar production (34.03±1.30 g/L) was obtained after 24 h of incubation time. The enzyme 
hydrolysate was utilized as fermentation medium, with no nutritional addition to produce ethanol and hydrogen by 
Saccharomyces cerevisiae TISTR 5048 and Enterobacter aerogenes TISTR 1468. The maximum yield of ethanol 
(9.69 g/L) with no hydrogen production by S. cerevisiae was achieved after 72 h. However, the maximum ethanol 
and hydrogen from E. aerogenes were 1.38 g/L and 1,416 mL/L after 72 h and 12 h of cultivation, respectively. In 
addition, the 1.2-folds of biofuel production were increased when immobilized bacterial cell in matrix of loofah.  
 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Research 
Center in Energy and Environment, Thaksin University. 
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1. Introduction 
The immoderate consumption of non-renewable energy, together with the fact that large urban areas, 
has greatly resulted in environmental deterioration and public health problems, has led to find a new 
renewable energy [1, 2]. Converting a renewable non-fossil carbon, such as energy crops and 
lignocellulosic residues (plants, grasses, fruit wastes and algae) to fuel would assure a continual energy 
supply [3]. Lignocellulosic material is the most abundant biopolymer on Earth and its annual production 
is estimated at approximately 50 billion tons [4]. Ethanol and hydrogen can be produced by microbial 
fermentations from such biomass [5]. However, the economics of biofuel production by fermentation are 
significantly influenced by the cost of the raw materials, which accounts for more than half of the 
production costs [6]. To achieve a lower production cost, the supply of cheap raw material is thus a 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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necessity [1].  Pineapple waste, is the by-product of the canned pineapple, is a material rich in cellulose, 
hemicelluloses, sugar and other carbohydrates. These wastes consist of residual pulp, peels and skin. 
Canned pineapple has been one of Thailand’s main exports of canned fruit producer. The annual 
availability of these wastes amounts to 0.62 million tons [4]. The mechanical drying of these wastes gave 
opportunity to store the substrate all over the year [1].  
Saccharomyces cerevisiae and Enterobacter aerogenes are the better known biofuel producing 
bacteria. E. aerogenes possesses advantage over S. cerevisiae respect to their ability to produce both 
ethanol and hydrogen under anaerobic condition. However, ethanol is produced commercially by S. 
cerevisiae because it ferments glucose to ethanol as a virtually sole product and it is known for its high 
ethanol tolerance, rapid fermentation rates and insensitivity to temperature and substrate concentration [1, 
7]. 
The present investigation examined the production of ethanol and hydrogen from pineapple peel by S. 
cerevisiae TISTR 5048 and E. aerogenes TISTR 1468. High amount of reducing sugars in dried 
pineapple peel prompted us to make an attempt to utilize it as a raw material for biofuel production and 
develop of cheap medium. In addition, the immobilized cell technology was also investigated to increase 
biofuel production.  
2. Research methodology 
2.1 Strain and medium 
 
S. cerevisiae TISTR 5048 and E. aerogenes TISTR 1468 were obtained from Thailand Institute of 
Scientific and Technology Research (TISTR), Thailand. The culture of S. cerevisiae was maintained on 
MPDY (malt extract 0.3%, peptone 0.5%, yeast extract 0.3% and dextrose 2%) agar (1.5%) slant at 4oC 
[1]. E. aerogenes was cultivated on Luria-Bertani (LB) agar.  
Each inoculum was prepared by inoculating the slant culture into 25 mL of the sterile liquid medium 
in 100 mL conical flask and growing it on a rotary shaker (100 rpm) for 48 h.  20% (v/v) inoculums (6 x 
104 cell/mL) was inoculated into 100 mL sterile pineapple peel hydrolysate in 250 mL conical flask and 
was incubated up to 5 days under stationary conditions. All the state experiments were conducted at pH 
5.0 and 30oC [1]. 
 
2.2 Pineapple peel pretreatment and composition analysis 
 
Pineapple peel was obtained from local canned pineapple industry (Chomporn, Thailand). It was dried 
and milled to a particle size of 40 BS (British standard) mesh in an apex mill. 
To increase enzymatic degradation in the production of biofuel by enzymatic hydrolysis, a 
pretreatment process is necessary. For the pretreatment process, five gram of dry feedstock was placed in 
a 50 mL plastic centrifuge tube, and then mixed with 40 mL of distilled water (control), acetic acid 
(CH3COOH), phosphoric acid (H3PO4) and ammonium sulfate [(NH4)2SO4] at the concentration of 2% 
(w/v). The solid/liquid slurry was incubated in a water bath (50-100oC, 30–240 min), stream explosion 
(121oC, 15-60 min), ultrasonic (15-60 min) and microwave (1-3 min). After the reaction, 10 mL of pre-
cold acetone was added into the tube to quench the reaction, and then mixed well by force. Afterward, the 
supernatant and cellulosic pellets were collected by centrifugation (10,000 rpm, 10 min) [8]. The 
supernatant was filtrated through a 0.2 Pm filter, and the filtrate was collected for sugar assays by DNS 
method. The compositions of pineapple peel and the pellet, including cellulose, hemicellulose, lignin, and 
ash, was determined follow by TAPPI Test Method [9]. 
Based on the method mentioned above, the untreated peel was found to contain cellulose 21.98%, 
hemicelluloses 74.96%, lignin 2.68% and ash 0.38% (on a dry weight basis). After pretreatment, the 
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composition of pineapple peel showed a significant increase of cellulose and a marked decrease in 
hemicelluloses and lignin content (Table 1). 
 
Table 1. The composition of treated and un-treated pineapple peel used in this study with various physical 
and chemical treatments. 
 
Physical 
pretreatment 
Chemical 
Pretreatment 
Cellulose 
(%) 
Hemicellulose 
(%) 
Lignin 
(%) 
Ash 
(%) 
Water bath 
(100oC, 240 min) 
H2O 37.68±6.97 51.13±6.77 10.24±0.63 0.96±0.81 
H3PO4 41.86±1.28 42.83±2.93 14.63±2.70 0.67±6.65 
Microwave (3 min) H3PO4 36.96±1.94 53.54±1.20 9.58±1.40 0.24±0.28 
 (NH4)2SO4 32.01±0.35 59.87±0.71 7.76±1.03 0.37±0.04 
Ultrasonic (60 min) CH3COOH 35.99±1.85 52.77±1.00 11.02±2.50 0.24±0.34 
 H3PO4 30.55±1.84 57.84±1.65 11.20±0.14 0.41±0.04 
Stream explosion 
(121oC, 60 min) 
CH3COOH 25.54±3.41 69.10±3.42 5.06±0.21 0.31±0.21 
H3PO4 27.84±6.89 42.91±10.61 25.15±1.10 4.10±3.39 
Un-treated peel  21.98±2.34 74.96±2.55 2.68±1.54 0.38±0.25 
2.3 Ethanol and hydrogen production by separate hydrolysis and fermentation (SHF) 
 
A pretreated peel (at a concentration of 20 g/L) in 0.01 M phosphate buffer with pH 6 was used as the 
SHF medium. The SHF experiments started with the inoculation of pineapple peel with the addition of the 
enzyme solution (Cellulase, 100 FPU/mL) in 50 mL working volume for 0-96 h. Therefore, a filter-
steriled hydrolysate produce from pineapple peel under optimal condition was used as fermentation 
medium with no nutrient supplementation. Afterward free and immobilized cell of S. cerevisiae and E. 
aerogenes with a loading of 20% (w/v) was operated under anaerobic condition and a temperature 
controlled at 30oC. The samples were collected every 6 h for 4 days (96 h) to determined sugar 
concentration and the production of ethanol and hydrogen. 
 
2.4 The immobilized cell technique 
 
The loofah sponges were obtained from matured dried fruit of Luffa cylindrica. The sponge was cut 
into pieces of approximately 2.0-2.5x1.5-1.7 cm., 2-3 mm. thick, soaked in boiling water for 30 min, 
thoroughly washed under tap water, and left for 24 h in distilled water, changed 3-4 times. The sponge 
discs were oven dried at 70oC and stored in desiccators till their further use (Fig. 1). 
 
 
 
Fig. 1. Macroscopic observation of the Luffa cylindrica fruit. 
 
The immobilization of bacterial cells within sponge discs was carried out as follows: The bacteria 
suspension (0.5 mL) was inoculated into 250 ml Erlenmeyer flasks containing 100 mL of the growth 
medium and four pre-weighed loofah sponge discs as an immobilizing matrix. The culture flask with no 
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loofah sponge discs in the medium was served as the controls. The inoculated flasks were incubated at 
30oC and shaken at 100 rpm. After 8 days of incubation, both free and loofah immobilized biomass of 
bacterial cells were harvested from the medium, washed twice with distilled water and stored at 4oC until 
use. The dry weight of the bacterial biomass entrapped within sponge discs was determined by weighing, 
after drying in an oven at 70oC overnight, the sponge discs before and after bacterial growth. 
 
2.5 Analytical assay 
 
Soluble metabolites (sugar and ethanol) were determined with a high performance liquid 
chromatography (HPLC) system equipped with refractive index detection (RID, Waters 2414, USA). The 
column used in the HPLC analysis was a ICSep ICE-COREGEL 87H3 column (Transgenomic, USA). 
The mobile phase was 0.008 N H2SO4, with a flow rate of 0.4 mL/min. The injection sample volume was 
20 PL and column temperature was controlled at 70oC [10]. The reducing sugar was measured by the 3,5-
dinitrosalicylic acid (DNS) method [11].  
 Gas production was measured periodically by the displacement of saturated aqueous sodium chloride 
in graduate cylinder. The concentration of H2 was determined by gas chromatography (GC 8A; 
Shimadzu, Kyoto) with a thermal conductivity detector [12].   
3. Result and Discussion 
3.1 Pineapple peel pretreatment and composition analysis 
 
 Pretreatment by physical, chemical or biological means is a well-investigated process for biofuel 
production from lignocellulosic materials. The pretreatment can enhance the bio-digestibility of the 
wastes for ethanol and biogas production and increase accessibility of the enzyme to the materials. It 
results in enrichment of the difficult biodegradable materials, and improves the yield of reducing sugar, 
ethanol or biogas from the wastes [13]. In present study, 1.71-folds of cellulose increased after 
pretreatment pineapple peel with water and heat at 100oC for 240 min as mention in Table 1. Pineapple 
peel treated with various physical and chemical pretreatment yield different sugars content. The highest 
level of reducing sugar (40.10±3.98 g/L) was observed from phosphoric acid treatment with water bath 
(100oC, 240 min), followed by hot water treatment (34.03±1.30 g/L) (Table 2). However, the phosphoric 
acid treatment was not selected for further study due to the fact that they are corrosive and must be 
recovered. Therefore, treatment with water in combination with water bath was selected to make the 
pretreatment economically feasible. In addition, the application of phosphoric acid caused the enzyme 
inhibitor after treatment process [14, 15].  
 
Table 2. Effect of various pretreatment on reducing sugar production from pineapple peel 
 
Physical pretreatment Chemical pretreatment Cellulose (%) Reducing sugar (g/L) 
Water bath 
(100oC, 240 min) 
H2O 37.68±6.97 34.03±1.30 
H3PO4 41.86±1.28 40.10±3.98 
Microwave (3 min) H3PO4 36.96±1.94 31.22±1.54 
(NH4)2SO4 32.01±0.35 25.74±1.11 
Ultrasonic (60 min) CH3COOH 35.99±1.85 30.14±2.47 
H3PO4 30.55±1.84 20.25±2.78 
Stream explosion 
(121oC, 60 min) 
CH3COOH 25.54±3.41 20.25±1.56 
H3PO4 27.84±6.89 25.47±2.58 
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 The major advantage of hot water treatment is that lower temperatures are used as well as minimizing 
the formation of degradation products. This treatment was eliminated the need for a final washing step or 
neutralization. The low cost of the solvent is also an advantage for large scale application [15]. Therefore, 
hot water treatment was selected and used throughout this study. 
 
3.2 Ethanol and hydrogen production by separate hydrolysis and fermentation (SHF) 
 
20g/L of pretreated peel with the addition of the enzyme solution (Cellulase, 100 FPU/mL) was 
utilized as substrate for ethanol and hydrogen production by SHF. The maximum sugar production 
(36.25±2.87 g/L) was obtained after 24 h of incubation time. The production of sugar during fermentation 
was presented in Table 3. 
 
Table 3. The production of reducing sugar from pine apple peel during 0-96 h of enzymatic hydrolysis. 
 
Time (h) Reducing sugar (g/L) 
0 28.71±1.94 
12 31.35±2.51 
24 36.25±2.87 
36 19.40±1.16 
48 5.50±0.05 
60 6.89±1.77 
72 4.53±0.58 
84 5.28±0.28 
96 4.51±0.61 
 
The sugar available for fermentation after the pretreatment and hydrolysis of biomass can be either 
heterogeneous like sucrose and glucose when originated from lignocellulosic biomass. Thus, the main 
bulk of biomass used for ethanol production are two types of sugars, the disaccharide sucrose and the 
monosugar glucose, both of them can easily be fermented to ethanol by the traditional baker’s yeast, S. 
cerevisae. 
 
3.3 Ethanol and hydrogen production by separate hydrolysis and fermentation (SHF) 
 
The maximum yield of ethanol (9.69 g/L) was achieved after 72 h of S. cerevisiae cultivation with no 
hydrogen production (Fig. 2a). S. cerevisiae, commercial ethanol-producing bacteria, has many 
advantages over other known ethanol producing microorganisms. The most important are high ethanol 
yields, ethanol tolerance, high robustness and high resistance to toxic inhibitors.  
Lower production of ethanol (1.38 g/L) was observed after 72 h by E. aerogenes. However, E. 
aerogenes yielded high hydrogen production (1,416 mL/L) after 12 h of cultivation (Fig. 2b). E. 
aerogenes can convert various carbohydrates, such as sugars and sugar alcohols, to H2, ethanol, 2,3-
butanediol, lactate and acetate. Ito et al. [16] reported that E. aerogenes HU-101 mainly produces H2 and 
ethanol with a minimal production of other by-products when glycerol was used as substrate.  
However, both strains produced low ethanol and H2 production. It is necessary to further optimize 
culture condition or improve production technique. Therefore, immobilized cell technology was selected 
to increase the production of ethanol and H2 in this study.  
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Time (h) 
 
 
Time (h) 
 
Fig. 2. The production of ethanol from free cell suspension (Ŷ) and immobilized cell (Ÿ) of S. cerevisiae (a) and The 
production of ethanol (Ŷ, Ÿ) and hydrogen (bar;͜) from free cell suspension and immobilized cell of E. 
aerogenes (b) by SSF using pineapple peel as substrate. 
 
3.4 The production of ethanol and hydrogen from immobilized cell technique 
 
 Traditional fermentation systems use freely suspended bacterial cells in a batch bioreactor. However, 
the production from free cells is relative low. Immobilizing bacterial cells on several support types can 
provide high cell densities in the bioreactor according to high productivity. Various immobilization 
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methods are available to researchers and the nature of the application often dictates the choice. Loofah 
sponge, is a natural material, was selected as supporter in this study. Bacterial cells prepared as describe 
above were attachment on the surface of this materials.  
 This study indicated that biofuel production were increased (>1.2-folds) by immobilized cell 
technique. The immobilized S. cerevisiae yielded highest ethanol (11.63 g/L) after 72 h of cultivation 
(Fig. 2a). The similar trend was also observed by immobilized E. aerogenes while the production of 
ethanol and hydrogen were also increased to 1.66 g/L and 1,759 mL/L, respectively (Fig. 2b). The 
comparison between the production of biofuel from free cell suspension and immobilized cell was given 
in Table 4.  
 
Table 4. The production of ethanol and hydrogen from free cell suspension and immobilizes of S. 
cerevisiae and E. aerogenes by SSF using pineapple peel as substrate. 
 
Time 
(h) 
S. cerevisiae E. aerogenes 
Free cell Immobilized 
cell 
Free cell Immobilized cell 
Ethanol 
(g/L) 
Ethanol (g/L) Ethanol 
(g/L) 
H2 
(mL/L) 
Ethanol 
(g/L) 
H2 
(mL/L) 
0 0.00 0.00 0.00 0.00 0.00 0.00 
24 0.00 0.00 1.00±0.25 1,416 1.20±0.19 1,759 
48 5.45±0.14 6.50±0.17 1.20±0.16 0.00 1.44±0.16 0.00 
72 9.69±0.16 11.63±0.17 1.38±0.26 0.00 1.66±0.17 0.00 
96 10.80±0.24 10.80±0.14 1.00±0.31 0.00 1.20±0.48 0.00 
4. Conclusion 
Pineapple shell contained high amount of cellulose (37.68±6.97%) and sugar production (36.25±2.87 
g/L) after hot water pretreatment and enzymatic hydrolysis, respectively. The enzyme hydrolysate was 
utilized as fermentation medium, with no nutritional addition to produce ethanol and hydrogen by S. 
cerevisiae and E. aerogenes. The maximum yield of ethanol (9.69 g/L) was achieved after 72 h of S. 
cerevisiae cultivation with no hydrogen production. Lower production of ethanol (1.38 g/L) was observed 
after 72 h by E. aerogenes. However, E. aerogenes yielded high hydrogen production (1,416 mL/L) after 
12 h of cultivation. To improve the concentration of ethanol and hydrogen, the immobilized cell 
technique was applied. The result indicated that biofuel production was increased significantly by 
immobilized cell technique. In this study, pineapple peel was proved as one of the novel and potential raw 
material for biofuel production. However, optimization of substrate concentration and other 
environmental conditions will require for an industrial application.  
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